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I. INTRODUC~ON
In many processes, electric machines are fed by a static converter @umps, electric vehicle -EV, hybrid electric vehicle -HEV, etc.). In EV or HEV for example, because of the important investment cost and the high reliability for safety reasons, monitoring has become essential for maintenance p u p s e s [I-21. The weakest part of the drive is the electronic-based components usually located in confined areas. So the diagnosis process focuses on the operation of the inverter. Faults that may occur within the machine are not taken into account. Their diagnosis is abundantly treated in the literature [3].
One of the constraints for the monitor is to use as lung as possible the already available information. It is based on the observation of patterns whose shape reveals a normal or a faulty operation. The monitoring system helps first to avoid manual procedures @tentially dangerous due to electric hazard), second to keep the operating points over a certain amount of time and third to launch the diagnosis process as soon as an abnormal behavior appears. This make it a useful tool for the maintenance team in reducing time to repair and in evaluating life expectancy of the power electronic devices depending on the stress levels (e.g. thermal and mechanical) and on the original safety area for each device. Moreover, the monitoring is expected to reduce, the production wst in industrial processes where downtime ?st may be prohibitive and to keep available (client-onenfed object) all the data related to production conditions. In EV and HEV, the monitoring is the first stage of the fault-tolerant wntrol strategy, which has to assure a limp-back operation rather than no operation at the onset of faults.
Three [IO-111. In section IU, fault detection and diagnosis in high power process by pattem comparison is presented. In section IV, the building of the healthy operation area is made for low power application where only fault detection is required. In section V, the experimental bench is presented and the simulated experimental results are shown. Section VI is devoted to the conclusion.
U. EIECTROMECHANICAL ANALYSIS OF A FAULTY DRIVE

A Current Pattem observation
An open loop VoltsiHertz control is assumed for the drive as shown on Fig. 1 . Only two current sensors are used and no mechanical one is considered. The goal is not the study of the drive performances, so a closed loop is not assnmed.
In this paper, the standard stationary reference h e u-p is used to evaluate the stator current pattem evolution when abnormal conditions occur in the inverter. In a three-phase inverter, the short circuit of a switchiog device is not studied because the protection system (e.g. input fuses, circuit breaker) designed conservatively stops the whole system immediately more efficiently than any other technique.
In healthy and ideal conditions, the stator current pattem in the Concordia reference h e is a circle with a constant radius in steady state. The synchronous rotating frame (Park components) is not considered, as it requires the calculation or the estimation of the frame angle. When a fault occurs in the electronic circuit of a switching device leading to a misfiring, the stator current pattem is biased in such a direction that allows the fault diagnosis. The asymmetry in the output voltage creates a dc component, which introduces in the sinusoidal current a dc component whose sign indicates the bias direction [12] . Figure 2 shows the simulated pattem in case of TI intermittent mis6ring of 4 msec duration. Due to the PWM, the locus is obviously not a circle. 
B Torque Analysis
With the sine-mangle PWM and a high modulation index denoted m the spectral analysis of phase voltages reveals some harmonics of ranks:
In general, positive and negative altemations are symmetric so there is no even harmonics and moreover with a balanced load, 3k harmonic are canceled. The remaining voltage harmonics generate currents that produce flux harmonics in the stator windings.
A single-phase approach with an equivalent circuit for each harmonic (the magnetization branch is neglected) shows that the resultant torque is the sum oE -The torque dc component due to the dc current and flux compnents and also to the current and flux harmonics components having the same rank. Therefore, the spectral content is wider including a dc component and even harmonics. Using the equivalent circuit theory, one can see that the resultant torque will contain a dc component and low frequency components including the fundamental. This analysis is confiied by the following curves (Fig. 3) 
m. HiCH POWER APPLICATlON
In high power applications, the localization becomes crucial. The knowledge based analytical approach [I31 is mteresting but not robust enough to manage the scattering of data points around the ideal contonr. The probabilistic approach is more powerful in the classifying process. If a normal law is assumed, the probability is:
(a) Healthy invnfcr.
where I is the mean current vector. The standard deviation 00 depending on the maximum offset current is set so as the probability of a false alarm is equal to 0.3%.
The circle inside the hexagon of the space of localization showed in Fig. 4 , has a radius R which is defined as:
\Ill' =20:In(2iTlS;p0)=Rz
Where po is tbe probability threshold of the healthy domain boundary. The thick lines represent the boundaries of the domains.
or example, ig = Jsi, +io for T,.
The centered hexagon defmes the healthy domain. If a misfiring occurs, the panem moves along one of the six directions.
Fig. 4. Faults dctcction and diagnosis space
If the conditions were ideal @@ sinusoidal supply), the average contow would have been a point. In reality, because of the PWM and the inherent imperfections, it is a set of points with low amplitude as it can be seen in Fig. 5 .
The fault detection and algontbm works in the Concordia a-p stator reference came as it is described below:
-Calculation of the mean current vector and comparison of its module with the radius R.
-If a faulty condition is detected, the module of the mean current vector is calculated in each sector by an appropriate rotation of d 3 -The faulty switch is identified depending upon the direction of the greatest module.
-A Boolean S, for each switching device is generated 0 for healthy condition and 1 when abnormal conditions appear.
A reliability coefficient can be calculated to ensure the diagnosis result.
We have chosen to separate the tasks of fault detection and fault diagnosis to reduce the decision time and to avoid the need of a pattem for each switch. 
Iv. LOW POWER &'PLICATION
In low power application (< I-kw), fault diagnosis is not required as the power module substitution has a lower cost than a repair. Therefore, the key point is to detect abnormal conditions.
The monitoring system is here devoted to split the process domain into two classes: normal and faulty. This is done by a Radial Basis Functions (RBF) newal network trained by a set of data including all the load conditions. This classification technique [14-151 takes into account all the uncertainties of the process by the mean of the database used. The network has an evolving architecture with three layers: an input layer with the stator current mean vector components (I-la), a hidden layer, and an output layer with a neuron which calculates the probability density depending on the distribution of the training database. The probability density is a weighted sum of activation functions Gt (I,p#) .
G,
The weights are defined as follows: at = x MI the hidden neurons have activation functions of Gaussian type defined as:
The cluster of the Gaussian function is defined by the following equation: In a two-dimension system, clusters are circles Ch of and radius a. Each cluster center is associated with center one of the hidden neurons in the network The activation area of a neuron is inside the cluster b o u n w . During the detection process, each set of experimental point must he within an activation area. The challenge is to build the network (optimal number of hidden nodes) so as to make efficient the monitoring system, which means that the clusters must be built accurately enough from the training data. The sbucture of the network is obtained from an algorithm to determine the centers of the activation area. The radius 0 is chosen under different constraints: The activation areas cover the training points to allow a smooth fit of the desired network outputs. The radius must he kept at a minimum to tighten the cluster to the training data it represents so as to have a high activation capability near the center. From a training database of 200 points, we have obtained a network with a = 5.158 A and 45 neurons in the hidden layer. Figure 7 summarizes the principle and shows the healthy operation area of the process. The diagnosis consists of calculating, for a set of points, the probability density of belonging to the predefined area. Figure 8 describes the experimental setup. The threephase inverter is IGBT-based w i t h a sinus-triangle PWM which carrier frequency is set to 1 kHz. The fault is generated by an analog circuit, which can produce a variable duration fault, a variable fault numbers per period, and a manual switch to inbibit the fault generation. With a 2.5 Nm load torque, a m i s f~g of 3.3 msec duration every two periods is caused.
V. E~E F~E N T S
The phase currents and the Concordia pattern showed respectively in Fig. 9a and in Fig. 9b behave as it was expected. The oscillations of time-varying components and shape modification 'confum the simulations and the theoretical analysis. Related to the faults detection and diagnosis space (Fig.   4) , the displacement of the current pattem (Fig. IO) reveals an intermittent fault. When compared to the normal conditions, the displacement is along the (-a) axis.
The mean current vector patterns mealthy and faulty cases) based upon the measured five periods are plotted on Fig. 11 . It reveals clearly the bias direction.
The choice of the detection threshold is crucial to avoid false almns because even in normal conditions a slight bias always exists due to the motor natural unbalance, the line connections, the acquisition process, or the PWM asymmetry. This is confirmed by the previous curve where a small bias is observed in a healthy case. The faulty switching device is TI and the reliability level is quite correct. Experimental results confirm the simulation.
The algorithm parameters i r e easy to modify for any power range drive. There is no loss of reliability for the method because the pattem deviations always exist.
VI. CONCLUSION
We have developed a method for fault detection and diagnosis of switching device mistiring in a voltage-fed P W M inverter induction motor drive. 
I61 [71
The method is based on the Concordia stator mean current pattem. Only two curreit sensors are used for simplicity and cost effectiveness purposes. A fault detection and diagnosis space made with seven patterns is built with the stator Concordia mean current vector. One is dedicated to the healthy domain and the last six to each inverter switch. A probabilistic approach for the definition of the boundaries increases the robustness of the method against the uncertainties due to measurements and PWM. This is a crucial point to increase the method accuracy and also to avoid false alarms. In high power equipment where it is crucial to detect and to diagnose the inverter faulty switch, a simple algorithm compares the patterns and generates a Boolean indicating the faulty device. In low p w e r application (less than 1 kw) where only fault detection is required, a RBF (Radial Basis Function) evolving neural network architecture is used to build the healthy operation area. Simulated experimental results have shown the feasibility of the approach. 
